Previous studies have suggested that sympathetic sprouting in the periphery may contribute to the development and persistence of sympathetically maintained pain in animal models of neuropathic pain. In the present study, we examined changes in the cutaneous innervation in rats with a chronic constriction injury to the sciatic nerve. At several periods postinjury, hind paw skin was harvested and processed by using a monoclonal antibody against dopamine-␤-hydroxylase to detect sympathetic fibers and a polyclonal antibody against calcitonin generelated peptide to identify peptidergic sensory fibers. We observed migration and branching of sympathetic fibers into the upper dermis of the hind paw skin, where they were normally absent. This migration was first detected at 2 weeks, peaked at 4 -6 weeks, and lasted for at least 20 weeks postlesion. At 8 weeks postlesion, there was a dramatic increase in the density of peptidergic fibers in the upper dermis. Quantification revealed that densities of peptidergic fibers 8 weeks postlesion were significantly above levels in sham animals. The ectopic sympathetic fibers did not innervate blood vessels but formed a novel association and wrapped around sprouted peptidergic nociceptive fibers. Our data show a long-term sympathetic and sensory innervation change in the rat hind paw skin after the chronic constriction injury. This novel fiber arrangement after nerve lesion may play an important role in the development and persistence of sympathetically maintained neuropathic pain after partial nerve lesions.
Injury to somatosensory nerves is sometimes accompanied by chronic neuropathic pain. In some patients, the activity of the sympathetic innervation of the region of painful peripheral neuropathy is believed to cause, or at least to modulate, this pain. Such patients receive pain relief following sympathectomies or sympathetic blocks, and the pain in these cases is thus said to be "sympathetically maintained pain" (SMP; Roberts, 1986) . Moreover, in patients who have had their pain eliminated by sympathectomy, or temporarily relieved by a sympathetic block, a transient recurrence of their pain is seen when epinephrine or norepinephrine is injected into their previously symptomatic skin (for review see Mailis-Gagnon and Bennett, 2004) . Interventions that block the sympathetic outflow have been shown to reduce neuropathic pain in animal models (Shir and Seltzer, 1991; Kim et al., 1993; Choi et al., 1994) , although the effect is controversial and not well understood (Lavand'homme et al., 1998; Moon et al., 1999; Lee et al., 1999 Lee et al., , 2001 Lee et al., , 2003 Ringkamp et al., 1999; Park et al., 2000; Banik et al., 2001; Wei et al., 2002) .
Studies on animal models of neuropathic pain have shown a de novo ␣-adrenoceptor-mediated excitatory response in the regenerative sprouts of damaged axons (Wall and Gutnick, 1974; Devor and Seltzer, 1999) , a phenomenon that appears to be specific to unmyelinated nociceptive fibers (Bossut and Perl, 1995) . In addition, studies in animal models have shown the sprouting of sympathetic fibers in the dorsal root ganglia (DRG), where they form baskets around neurons (Chung et al., , 1996 (Chung et al., , 1997 Ramer and Bisby, 1997; Lee et al., 1998; Ramer et al., 1998a) , which can be activated by sympathetic stimulation (McLachlan et al., 1993) . These sprouted fibers have also been shown to display synaptic varicosities close to the DRG soma (Chung et al., 1997) . This novel anatomical organization would suggest an interaction between sensory neurons and postganglionic sympathetic fibers after nerve lesion, which may play a role in the development and maintenance of SMP (Chung et al., 1996) .
However, there is a lack of data showing an unquestionable link between this sympathetic sprouting in the DRG and pain behaviors in these animal models (Janig and Habler, 2000) . The question remains as to the location where the sympathetic nervous system interacts with the sensory system and contributes to neuropathic pain. While the sprouted sympathetic fibers in the DRG may play a role in neuropathic pain, it is possible that the sympathetic fibers and sensory neurons interact at a much more distal site, such as the skin, where noxious stimuli are detected. Injection of norepinephrine (NE) into the skin of causalgic patients whose pain was relieved by sympathectomy or sympathetic block can rekindle former neuropathic pain, suggesting that this SMP may be caused by an interaction between NE and sensory nerve terminals in the skin (Wallin et al., 1976; Campbell et al., 1989) . Similarly, when NE is injected into the skin of rats suffering from neuritis, it exacerbates mechanical hyperalgesia mediated by peripheral ␣ 1 -and ␣ 2 -adrenoceptors (Baik et al., 2003) . Moreover, NE injection in the skin excites C-nociceptors following nerve lesions, whereas such injections have no effect in the normal case (Sato and Perl, 1991; Bossut and Perl, 1995) .
Our laboratory has previously shown sprouting of sympathetic and parasympathetic fibers in the skin of the rat lower lip following both mental nerve (MN) transection or ligation up to 8 and 16 weeks postlesion (Ruocco et al., 2000; Grelik et al., 2005) . The sympathetic fibers migrated into the upper dermis of the lower lip, a region from which they are normally absent. In the MN ligation model, the incidence of grooming directed toward the site of denervation was found to be significantly increased relative to grooming seen in sham-operated animals, and this increase was correlated with the time course of sympathetic sprouting (Grelik et al., 2005) . This evidence, in addition to that from previous studies, strongly supports the occurrence of peripheral mechanisms for SMP at the level of the sympathetic and nociceptive terminals in the skin. Moreover, unlike what is seen after sciatic nerve injury, no sympathetic sprouting was seen in the trigeminal ganglia after MN injury (Grelik et al., 2005) . There is also evidence that transection of the rat's trigeminal nerve does not give rise to the spontaneous ectopic discharge of sensory neurons that reliably follows sciatic nerve injury (Tal and Devor, 1992) . It is thus possible that fundamental differences in pathophysiology exist for the pain states seen after lesions to the trigeminal and sciatic nerves (Bennett, 2004) .
Our aim in this study was to investigate the changes in sympathetic innervation in the skin of the rat hind paw following a partial sciatic nerve lesion. We used the chronic constriction injury (CCI) model (Bennett and Xie, 1988) , which produces a partial nerve lesion that leaves some sensory fibers intact. This particular model was suitable for our study because standardized pain behavior testing is performed on the plantar surface of the hind paw skin.
MATERIALS AND METHODS
Male Sprague Dawley rats weighing 175-200 g (Charles River) were used in all studies. The guidelines in The care and use of experimental animals of the Canadian Council on Animal Care and the guidelines of the International Association for the Study of Pain (Zimmermann, 1983) were followed, and all experimental procedures were approved by the Facility Animal Care Committee of the Faculty of Medicine, McGill University.
Surgical procedures
Animals were anesthetized with isoflurane. Seventytwo rats underwent ipsilateral CCI of the common sciatic nerve (Bennett and Xie, 1988) . A group of 42 rats was used as sham-operated controls, and another group of 42 rats served as unoperated age-matched controls. Both sham and lesion surgeries were performed with the aid of a surgical microscope (Leitz, Wetzlar, Germany). The right sciatic nerve was exposed and freed of surrounding muscle and fascia. Four loosely constrictive chromic gut ligatures (4.0; Ethicon) were placed around the sciatic nerve at midthigh level in an area 7 mm in length. The incision was then closed with absorbable sutures (Vicryl; Ethicon), and animals were allowed to recover for up to 20 weeks. In sham-operated animals, surgeries were performed as described above with the exception of the application of chromic gut sutures.
Animal perfusions and histological processing
At the postsurgery times of 2, 4, 6, 8, 12, 16 , and 20 weeks, rats were anesthetized with a lethal dose of 0.4 mg/kg of Equithesin and perfused transcardially with 4% paraformaldehyde, 15% picric acid (v/v), and 0.1% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for 30 minutes, followed by another 30-minute perfusion of 4% paraformaldehyde and 15% picric acid in 0.1 M phosphate buffer. The hind paw skin was collected and postfixed in the latter fixative for 1 hour, then cryoprotected in 30% sucrose overnight. The skin specimens were taken from the glabrous skin located between the tori, where mechanical allodynia testing is commonly performed. Special care was taken to avoid the base of the tori, because the innervation of this region is atypically dense. Tissue was then embedded in an optimum cutting temperature medium (OCT) compound (TissueTek). Fifty-micrometer-thick sections were cut at -20°C on a cryostat (Leica) and placed in phosphate-buffered saline (PBS).
Immunofluorescence
All sections used for quantification were stained for a single signal to prevent any bleed-through when performing confocal microscopy and to maximize the accuracy of the analysis.
Single labelling for quantification
Rat hind paw skin sections were pretreated with 50% ethanol for 30 minutes and washed for 30 minutes in PBS plus 0.2% Triton X-100 (PBS ϩ T). The sections were then treated with 1% sodium borohydride in PBS, followed by a 60-minute wash in PBS. Tissues were incubated in 10% normal goat serum (NGS; Sigma, St. Louis, MO) to prevent nonspecific binding of secondary antibodies. The paw skin sections were then incubated at 4°C for 48 hours with one of the following primary antibodies: 1) mouse monoclonal anti-dopamine-␤-hydroxylase (DBH; clone DBH 41; spent-tissue culture supernatant diluted 1:5; Mazzoni et al., 1991; Medicorp, Montreal, Quebec, Canada; gift of Dr. A. Claudio Cuello) or 2) a rabbit polyclonal anticalciton gene-related peptide (CGRP; 1:2,000; product number C8198, lot 013K4842; Sigma). The anti-DBH antibody was raised against rat purified DBH, and its specificity was assessed by using Western blots, ELISA, and immunocytochemistry; it was found that clone DBH 41, the one we used, is specific for rat DBH exclusively, not producing any immunostaining in mouse, human, rabbit, bovine, guinea pig, or cat tissues (Mazzoni et al., 1991) . The anti-CGRP antibody was raised against rat CGRP and does not cross-react with any other peptide except for human CGRP and rat and human ␤-CGRP (data supplied by Sigma). Staining was completely abolished when the antiserum was preabsorbed with rat CGRP. After replacement of the primary antibodies with preimmune serum of the same species in which the antibodies were generated, no staining was observed except for nonspecific sticking of the secondary antibody conjugates to the corneal layer of the epidermis. The use of the anti-DBH antibody did not produce any staining in skin from the mouse and monkey (data not shown). Primary antibodies were diluted in PBS ϩ T. After 48 hours of incubation, the sections were washed for 30 minutes in PBS ϩ T and then incubated in one of two secondary antibodies for 2 hours at room temperature: 1) a highly cross-adsorbed Alexa Fluor 488-conjugated goat anti-rabbit IgG (1:400; Molecular Probes, Eugene, OR) for sections stained for CGRP or 2) a highly cross-adsorbed goat anti-mouse IgG conjugated to Alexa Fluor 596 (1:800; Molecular Probes) for sections stained for DBH. Sections were then washed for 20 minutes with PBS and mounted on gelatin-coated slides, allowed to dry overnight, and coverslipped with Aquapolymount (Polysciences, Warrington, PA).
Double labelling for colocalization studies
Double-labelled sections were pretreated identically to single-labelled sections and subsequently incubated for 48 hours with a mixture of anti-CGRP and anti-DBH antibodies at 4°C. After 48 hours, the sections were washed for 30 minutes with PBS ϩ T and then placed in a solution containing a mixture of Alexa Fluor 488-conjugated goat anti-rabbit IgG (1:400; Molecular Probes) and highly cross-adsorbed goat anti-mouse IgG conjugated to Alexa Fluor 596 (1:800; Molecular Probes) and 10% NGS, for 2 hours at room temperature. Sections were then washed for 20 minutes with PBS and mounted and coverslipped as described above.
Quantification
Six experimental animals were used at each time point for quantification of sensory and autonomic fibers and compared with six sham-operated animals. Nonoperated animals were initially included in the quantification, but, because no significant differences were found between sham-operated and naive animals, only data from shamoperated animals are shown as controls. For each animal, 10 sections were used to ensure representative sampling.
Autonomic fiber density was determined by counting the number of DBH-IR fibers in the upper dermis. The upper dermis was defined as the area spanning 150 m below the dermal-epidermal junction. This area was determined by what was typically observed in control and sham-operated animals as the area of dermis from which autonomic fibers were normally absent. The value for the total area analyzed was calculated by multiplying the total length of the section by the thickness of the upper dermis (150 m). The counts were performed using a Zeiss Axioplan 2 imaging fluorescence microscope, equipped with a high-resolution color digital camera and connected to a computer with Zeiss Axiovision 4.1 software (Zeiss Canada). The mean number of fibers in the upper dermis per unit area was tested for significance by using the Mann-Whitney test with Bonferroni correction. Statistical significance was accepted at P Ͻ 0.05.
In addition to alterations in autonomic fiber density, changes with respect to the distance of the sprouted fibers from the dermal-epidermal junction were assessed in sham-operated and lesioned animals for each time point. Six random fields were taken from each section with the ϫ40 objective of the Zeiss Axioplan 2 imaging fluorescence microscope, resulting in a total of 60 images per animal. The distance in micrometers from the most superficial tips of the fibers to the dermal-epidermal junction was measured directly on the digital images in the Zeiss Axiovision 4.1 software. Fibers penetrating the epidermis were given a value of 0 m for distance from the epidermis. The results were tested for significance by comparing the mean distances of the fibers from the dermal-epidermal junction for each time period by using a one-way ANOVA. Pairwise comparisons were made with the Dunnett post hoc test.
Changes in CGRP-immunoreactive (-IR) innervation in the hind paw skin were determined through analysis of images taken using a Zeiss LSM 510 confocal microscope equipped with argon and helium neon lasers and a ϫ40 water-immersion objective. A single optical section measuring 1.5 m in thickness was used for each field. Four randomly chosen fields in the upper dermis were captured in each section and used for quantification. Images were exported in TIFF format to the MCID Elite image analysis system (Imaging and Research, St. Catherines, Ontario, Canada), and total fiber length per unit area was determined. One-way ANOVA was used to test for significance for the mean length of fibers in the upper dermis between all time points, and pairwise comparisons were assessed with the Dunnett post hoc test.
RESULTS

Patterns of sympathetic and peptidergic sensory innervation in sham-operated and control animals
No significant differences were found in the innervation patterns of sensory and sympathetic fibers between naïve and sham-operated animals. Therefore, sham-operated animals were used as the control group in quantification.
In sham-operated animals, CGRP-IR (peptidergic) sensory fibers were observed throughout the hind paw skin, appearing to be most dense in the upper dermis. These fibers had a mesh-like innervation pattern with relatively long distances between varicosities (Fig. 1A ) and occurred as single fibers rather than large nerve bundles. However, in the deeper layers of the dermis, larger bundles of CGRP-IR fibers were seen. CGRP-IR fibers most often terminated at or close to the dermal-epidermal junction (Fig. 1A) but were occasionally seen to penetrate the epidermis.
In control and sham-operated animals, DBH-IR fibers (sympathetic) were restricted to the lower dermis (Fig.  1B) , with the rare occurrence of a single fiber seen in the upper dermis in only two of the animals. Sympathetic fibers were largely associated with blood vessels in a mesh-like arrangement around the vessel wall in the lower dermis. In comparison to the sensory fibers, the sympathetic fibers had a higher number of varicosities that were separated by shorter axonal segments (Fig. 1B) . This population of fibers was observed as single axons rather than large fiber bundles. These findings are similar to previous work from our laboratory showing DBH-IR innervation only in the lower dermis of the lower lip skin in control rats (Ruocco et al., 2000; Grelik et al., 2005) .
Changes in CGRP immunoreactivity in the upper dermis after CCI
The total mean length of CGRP-IR fibers per unit area (0.04 mm 2 ) in the upper dermis of sham animals was 205.8 Ϯ 41.9 m. Two weeks post-CCI, there was a significant decrease in peptidergic sensory innervation in the upper dermis of these animals (57.6 Ϯ 19.3 m; Fig. 2) . Extremely sparse and patchy innervation of these CGRP-IR fibers remained. This was expected insofar as the CCI of the sciatic nerve causes a partial lesion of A-delta and C-fibers (Munger et al., 1992) . At the 4 and 6 weeks postlesion time points, total length of CGRP-IR fibers per unit area had changed to levels above (271.4 Ϯ 25.9 m and 277.8 Ϯ 35.1 m, respectively) but not significantly different from what was seen in sham-operated animals (Fig. 2) . There was sprouting of CGRP-IR fibers to a level significantly above sham levels at 8 weeks postlesion (P Ͻ 0.01, 437.3 Ϯ 47.3 m; Fig. 2 ). These sprouted fibers were thicker in diameter and were in thicker bundles as well. As in sham-operated animals, these fibers penetrated into the epidermis of the hind paw skin on occasion (Fig. 3A) . The distribution pattern of these sprouted fibers was similar to that seen in sham-operated animals, with the notable exception of an increase in number of fibers (Fig. 3B) . Values of CGRP-IR fiber length per unit area remained significantly elevated above sham levels until the last time point examined, 20 weeks (378.9 Ϯ In the lower dermis, CGRP-IR fibers travel parallel to blood vessels, whereas DBH-IR (sympathetic fibers) form a mesh-like pattern around blood vessels. DBH-IR fibers are mostly associated with blood vessels in the lower dermis. The stratum corneum is apparently labelled for CGRP and DBH, but this was a result of nonspecific labelling with the fluorochrome-conjugated secondary antibodies, in that it was still present when the primary antibodies were omitted. Scale bar ϭ 100 m in B (applies to A,B). 41.5) . The values at 12, 16, and 20 weeks did not significantly differ from the 8-week time point, indicating that fiber density values reached a plateau (Fig. 2) .
Changes in DBH immunoreactivity after CCI
Sympathetic fiber density in upper dermis. One of the main aims of this study was to determine whether CCI would result in migration of sympathetic fibers to regions of the dermis in which they do not normally occur. Two weeks postlesion was the first time point at which sprouted DBH-IR fibers were detected in the upper dermis of lesioned rats (Fig. 4A) . The values were expressed as number of fibers per square millimeter. The levels of sympathetic fibers at the early time point of 2 weeks postlesion (8.4 Ϯ 0.9/mm 2 ) were found to be significantly different from sham-operated levels (P Ͻ 0.05, 0.2 Ϯ 0.11/mm 2 ; Fig. 5 ). The number of fibers in the upper dermis continued to increase at 4 weeks postlesion (P Ͻ 0.01, 28.7 Ϯ 3.2/mm 2 ) and remained constant until the last observed time point of 20 weeks (P Ͻ 0.01, 39.7 Ϯ 9.5/mm 2 ; Fig. 5 ). These migrated DBH-IR fibers appeared to contain more varicosities than what was observed in sham-operated animals ( Fig. 4A-D) . These varicosities also appeared to have shorter intervaricose axons compared with shamoperated animals. Although fiber number levels appeared to be similar from 4 until 20 weeks postlesion, it is noteworthy that the patterns of innervation at these time points were not the same. At 2 and 4 weeks postlesion, the sprouting was patchy and was not consistent throughout the upper dermis, appearing very robust in some areas and absent in others. At the longer time points, such as 12, 16, and 20 weeks (Fig. 6A-C) , sprouted fibers were consistently visible in all areas of the upper dermis. In some instances, these sympathetic fibers were observed to penetrate the epidermis in lesioned animals (Fig. 6C) . There was no distinct correlation between time after lesion and fibers penetrating the epidermis, although these intraepidermal fibers did seem to occur more often in animals with more robust sprouting. Migration of sympathetic fibers to surface of skin after CCI. Distance of sympathetic fiber migration was measured in addition to sympathetic fiber density in the upper dermis. The aim of this portion of the study was to determine whether there was a distinctive pattern of migration throughout the time periods after nerve injury. The distance was measured from the dermal-epidermal junction to the closest tip of the sprouted fiber. This was repeated for every fiber in the field of the pictures used for quantification.
The mean distance of sympathetic fibers from the epidermis in sham-operated animals was 360.01 Ϯ 15.63 m (Fig. 7) . Two weeks after CCI lesion, the distance had decreased to a mean of 186.32 Ϯ 18.27 m. By 4 weeks postlesion, the mean distance of sympathetic fibers from the epidermis was 61.31 Ϯ 2.60 m. As with the other parameters measured in this study, this mean at the 4-week time point remained more or less constant until the 20 week postlesion time point (67.35 Ϯ 19.13 m; Fig.  7) . At 20 weeks, there was more variability between animals in terms of distance of sprouting, as shown by the larger SEM values.
Association of CGRP-and DBH-IR fibers after CCI. In addition to the changes seen in the patterns of CGRPand DBH-IR fiber innervation after injury, we also observed a unique association of these two distinct populations of fibers after CCI. In many instances, the sprouted sympathetic fibers wrapped around the peptidergic sensory fibers in a winding fashion (Figs. 4A-D, 6A-C) . There was never a complete loss of peptidergic sensory innervation, so this association could already be seen in the earliest observed time point of 2 weeks after lesion (Fig. 4A ).
This phenomenon continued to be present and became very common as the sympathetic fiber sprouting progressed at later time points (Fig. 6A-C) . In sham and control animals, peptidergic sensory and sympathetic fibers were seen in close proximity, especially around blood vessels; however, they did not follow the same pattern of innervation, nor were they associated so closely with one another as in the CCI animals.
In control animals, the peptidergic fibers were seen throughout the dermis as isolated fibers and fiber bundles (Fig. 1A) . Sympathetic fibers were seen in the lower dermis and mostly around blood vessels in a mesh-like pattern. Peptidergic sensory fibers were also seen in the wall of blood vessels but travelled in a pattern perpendicular to the mesh-like sympathetic fibers; i.e., the sensory fibers ran parallel to the length of the vessel rather than around it (Fig. 1B) . The sprouted fibers were found to wind around the sensory fibers and followed the nerve tracts exactly (i.e., they were mostly parallel to each other), suggesting that the fibers may be following the same trophic signal. This postlesion association would create an ideal environment for the interaction or exchange of signals between the two populations of fibers.
DISCUSSION
Sympathetic fiber sprouting into the upper dermis after CCI
In this study, we have shown that, after a CCI of the sciatic nerve, there is significant sprouting of both sympathetic and peptidergic sensory fibers in the upper dermis of the plantar surface of the rat hind paw skin (Figs. 2, 5 ). Sympathetic fibers are normally absent from the upper dermis and, before this study, had never been shown to migrate in nonhairy skin after neuropathic nerve injury. The sympathetic sprouting became significantly different from sham levels as early as 2 weeks postlesion. This is a surprising observation, in that some of the sympathetic fibers travel in the sciatic nerve (Small et al., 1996) and are therefore likely to have been damaged by the lesion. The fact that we did not detect any decrease in the sympathetic innervation would indicate that such a decrease might be masked by a very robust sprouting already significant at 2 weeks and/or that the number of sympathetic fibers traveling in the sciatic nerve is minor compared with that traveling with blood vessels. Sprouting peaked at 4 and 6 weeks and remained constant until our last time point of 20 weeks postlesion. Overall, we observed a steady sprouting and decrease in fiber distance from the epidermis that remained constant until the latest time point (Fig. 7) .
Previous reports have focused on sympathetic sprouting around DRG neurons following spinal nerve ligation and CCI (Chung et al., , 1996 Ramer and Bisby, 1997) . Our current study represents the first report on a more distal location of the sympathetic sprouting following CCI of the sciatic nerve; we demonstrate it in the glabrous skin of the plantar surface of the hind paw.
In comparison with a previous investigation from our laboratory in which we studied sprouting in the hairy skin of the lower lip following a bilateral CCI of the MN (Grelik et al., 2005) , the model used in the present study leads to a more robust and permanent sprouting. In the previous study, it was observed that sympathetic sprouting in the Fig. 5 . Average number of DBH-IR fibers in the upper dermis in sham-operated animals and CCI animals per square millimeter. Sympathetic fibers were very rarely found in the upper dermis of the glabrous hind paw skin in sham-operated rats. Levels significantly increased at 2 weeks post-CCI. The number of DBH-IR fibers in the upper dermis continued to increase at 4 weeks, remaining significantly higher than in sham-operated rats. DBH-IR fiber densities remained at peak levels until the last observed time point of 20 weeks. Mann-Whitney test with Bonferroni correction; n ϭ 6. **P Ͻ 0.01.
upper dermis peaked at 4 and 6 weeks postlesion. These sprouted sympathetic fibers persisted until 16 weeks, at which time they decreased in number to return finally to control levels at 24 weeks (Grelik et al., 2005) . Our data show a later onset of sympathetic sprouting; in the previous study, sprouting was detected at 1 week postlesion, and here we did not observe ectopic sympathetic fibers until 2 weeks. One major difference between the two models is that, in the MN model, no sympathetic fibers were lesioned, because they do not travel in the MN of the rat (Grelik et al., 2005) ; however, they do travel in the sciatic nerve (Small et al., 1996) . Therefore, if some sprouted fibers originate from collaterals of those travelling along blood vessels, others are likely regenerated fibers, and these have to regrow along the sciatic for a rather long distance. Fianlly, in comparison with the MN injury, CCI sympathetic sprouting in the hind paw was more robust. Grelik et al. (2005) observed an average of 10 fibers/mm 2 at 4 weeks postlesion, whereas we observed an average 28.6 sprouted sympathetic fibers/mm 2 . These differences between models may be attributed to the different char- Fig. 7 . Average distances of DBH-IR fibers from dermal-epidermal junction in glabrous skin of hind paw in sham-operated and lesioned animals (in micrometers). Distances of DBH-IR fibers from the dermal-epidermal junction were significantly decreased compared with sham levels starting at 2 weeks postlesion. Average distances decreased further at 4 weeks post-CCI and remained at significant levels until the last observed time point of 20 weeks post-CCI. Oneway ANOVA, followed by Dunnett post hoc comparisons; n ϭ 6. **P Ͻ 0.01. Fig. 6 . Pattern of DBH-IR and CGRP-IR fiber innervation at 12, 16, and 20 weeks post-CCI. At 12-20 weeks post-CCI, DBH-IR sprouted fibers remained numerous in the upper dermis and occurred with a more homogenous distribution compared with the patchy pattern seen at earlier points. Many intraepidermal DBH-IR (arrows) and CGRP-IR fibers were observed. Many large CGRP-IR fiber bundles were seen to wrap around sprouted DBH-IR fibers. The sprouted DBH-IR and CGRP-IR were maintained at peak levels from 8 to 20 weeks. The stratum corneum labelling is nonspecific (see legend to Fig. 1) . Scale bar ϭ 20 m in C (applies to A-C).
acteristics of the two injured nerves. In the rat, the MN is almost exclusively sensory, and the sciatic contains both sensory and sympathetic fibers, as well as motor fibers.
It is probable that the sympathetic nervous system plays a role in some types of neuropathic pain (Roberts, 1986; Bonica, 1990; Ren et al., 2005) , but the exact mechanism or location of interaction with the sensory system has yet to be revealed. Several lines of evidence suggest that peripheral adrenergic receptors are involved in SMP . At some point after nerve injury, primary afferent cell bodies develop de novo adrenergic agonist sensitivity at the level of the dorsal root ganglia (Michaelis et al., 1996) , as do the nociceptors in the skin (Sato and Perl, 1991; Gold et al., 1994; Bossut and Perl, 1995) , which may result from the expression of ␣-adrenoceptors in primary afferent neurons (Birder and Perl, 1999) . In the case of neuromas, there is evidence of the development of ␣-but not ␤-adrenergic sensitivity (Wall and Gutnick, 1974; Devor and Janig, 1981) .
Studies of peripheral manipulation with adrenergic antagonists and agonists also support the role of peripheral adrenergic receptors in pain . Topical application of the ␣ 2 -adrenergic receptor agonist clonidine relieves hyperalgesia in SMP patients . Blockade of adrenergic receptors with phentolamine Treede et al., 1991) , phenoxybenzamine, or prasozin has also shown efficacy in alleviating SMP (Abram and Lightfoot, 1981; Ghostine et al., 1984) , whereas the ␤-adrenergic receptor antagonist propanolol does not show as much efficacy in SMP (Scadding et al., 1982; Raja et al., 1991) . Peripheral application of NE can cause exacerbation of the hyperalgesia from complete Freund's adjuvant-induced neuritis (Baik et al., 2003) , whereas intradermal injection of NE or ␣-adrenergic agonists can rekindle pain and hyperalgesia in patients and animals which had been relieved by sympathectomy or sympathetic block (Wallin et al., 1976; Xie et al., 1995; Moon et al., 1999) . Results from Ali et al. (1999) suggest that it is the uninjured C-fibers that develop ␣-adrenergic sensitivity and hyperactivity after nerve injury. Insofar as small-diameter sensory fibers did sprout in the upper dermis in our model, and occur in higher number than in controls, if adrenergic receptors are upregulated in these fibers as well, we might have a possible explanation for the increased adrenergic sensitivity observed after nerve lesion in some models. Further studies are needed to confirm this hypothesis.
Although the sympathetic fiber sprouting in DRG may play a role in SMP, there is considerable evidence suggesting that pain, especially cutaneous pain, is caused by a mechanism at the skin level. Our anatomical evidence of sprouted sympathetic fibers after nerve injury in close proximity to sensory fibers would support a role of cutaneous sympathetic fibers in SMP. In addition to the sprouting of these fibers, our evidence for a close association of sprouted sympathetic fibers and the remaining and the regenerated peptidergic sensory fibers suggests the sympathetic and sensory terminals as the initiation site of SMP, in that this provides an ideal environment for the release of NE from the sympathetic fibers to act on sensory terminal axons. Many studies have shown behavioral evidence that this may be the case in both rats and humans. In rats, cutaneous injections of NE can exacerbate neuritis-induced hyperalgesia (Baik et al., 2003) and rekindle mechanical allodynia in sympathectomized neuropathic rats (Xie et al., 1995) . In addition, NE injected into skin of patients with complex regional pain syndromes of types I (CRPS-I, or reflex sympathetic dystrophy) and II (CRPS-II, or causalgia) causes a response of prolonged burning pain and allodynia, i.e., the rekindling phenomenon (Wallin et al., 1976; Torebjork et al., 1995; Ali et al., 2000) . It is difficult to see how this phenomenon would be centrally mediated or mediated by sympathetic sprouts in the DRG when the evoked response is caused by an injection of ␣-adrenergic agonists to the skin (Mailis-Gagnon and Bennett, 2004) .
Sensory fiber sprouting in upper dermis after CCI
We have also shown a significant increase in the peptidergic sensory fiber innervation in the upper dermis of the rat hind paw after CCI (see Fig. 3 ). There was an initial decrease in the peptidergic sensory fiber innervation, followed by a recovery (see Fig. 2 ). Lindenlaub and Sommer (2002) observed an almost complete loss of CGRP-IR fibers in the epidermis 7 and 30 weeks after CCI, followed by a partial late recovery at 53 days postlesion. This is very different from what we observed. In contrast, our observations concur with those of Lin et al. (2001) , in which only partial denervation of epidermal fibers resulted from CCI and was correlated with thermal hyperalgesia. Surprisingly, we found that the peptidergic sensory fiber innervation density increased to a level significantly higher than that of sham-operated animals. It is worth noting that sprouted peptidergic sensory fibers in the upper dermis at and after the 8-week time point were more numerous (Fig. 3) and in thicker bundles than in sham-operated animals. These fibers are more numerous and have likely developed adrenergic sensitivity (Korenman and Devor, 1981; Scadding, 1981; Sato and Perl, 1991; Baik et al., 2003) after the nerve lesion, so this could be a possible mechanism for hyperalgesia and sensitivity to sympathetic input.
This increase in sensory innervation has been seen previously in the rat in the skin of the lower lip after CCI of the MN and correlated with isolated grooming episodes directed to the area of nerve injury (Grelik et al., 2005) . However, the sprouting in the lower lip skin was transient, whereas the sciatic nerve lesion resulted in chronic sprouting in the hind paw skin for at least 20 weeks. Conversely, sensory sprouting appeared more robust in the MN CCI; at 8 weeks post-CCI, we observed a peak of 437.3 Ϯ 47.3 m CGRP-IR fiber length per 0.04 mm 2 , with an overall average change from sham of 231.5 m per 0.04 mm 2 , whereas Grelik et al. (2005) observed a peak in CGRP-IR fiber length 4 weeks postlesion, with an average value of 1,436.9 Ϯ 45.7 m per 0.02 mm 2 and an overall change of 714.7 m per 0.02 mm 2 from sham levels. Increased numbers of unmyelinated sensory fibers have also been observed in sections of sciatic nerves after application of a fixed-diameter polyethylene cuff to the sciatic nerve (Mosconi and Kruger, 1996) , a model different from but comparable to the one we used here. Hence, it is possible that this sensory hyperinnervation after sciatic nerve injury is not limited to the dermis and may play a role in neuropathic pain. The contribution of these sensory fibers to hyperalgesia may be time dependent, in that sprouting was shown to peak and then decrease over time (Mosconi and Kruger, 1996; Grelik et al., 2005) . Unlike the unmyelinated sprouting in the distal sciatic nerve (Mosconi and Kruger, 1996) , sprouting in our model was seen at the level of the terminal receptive fields and, therefore, may be more significant with respect to hyperalgesia.
Interaction between sprouted sympathetic fibers and sensory fibers
The appearance of sprouted sympathetic fibers and their morphological interaction with sensory fibers from the early time of 2 weeks postlesion onward (Fig. 4A ) strongly suggest there may be a sympathetic contribution to the hyperalgesia in these rats. The close proximity and similarities in innervation patterns provide an ideal environment for the sympathetic fibers to release factors that will stimulate the newly adrenergic-sensitive sensory fibers. It has been previously suggested that a coupling exists between sensory and sympathetic fibers after nerve lesion . The close interaction we see in our data would support a mechanism of coupling such as exchange of neurotransmitters between the two populations of fibers. However, not all sprouted sympathetic fibers were associated with peptidergic sensory fibers, suggesting that close proximity might not be the only level at which these fibers contribute to hyperalgesia.
Source of sympathetic and sensory sprouting
The source of this sprouting is unclear; there are reports showing both collateral sympathetic sprouting and regenerative sprouting after nerve injury (Gloster and Diamond, 1992 ). Collateral sprouting is from undamaged, intact axons of neighboring regions, and regenerative sprouting is from damaged axons of the injured nerve. Additionally, collateral sprouting was found to be dependent on growth factors derived from the target tissue, namely, NGF, whereas regenerative sprouting was NGF independent (Gloster and Diamond, 1995) . The source of sympathetic sprouting into the upper dermis in this model is unknown; sympathetic fibers in the rat hind limb travel both in the sciatic nerve and along blood vessels. Further studies of the presence of sympathetic axons in the sciatic nerve after CCI might give an indication of the likelihood of regenerative vs. collateral sprouting in this model. The sprouting may be collateral at earlier time points, such as 2 weeks, and may be regenerative at later time points. This time dependence of sprouting source might also translate into NGF-dependent or -independent sprouting. For other models of sympathetic sprouting in the skin, such as complete bilateral transection of the MN (Ruocco et al., 2000) , it is safe to say that the source was collateral sprouting, because the MN contains only sensory neurons.
The mechanism and source of sensory sprouting may be similar to what was previously mentioned for regenerative and collateral sympathetic sprouting (Mearow, 1998) . The CCI directly lesions sensory axons, so the sprouting may be both regenerative from the sciatic nerve and collateral from the nonlesioned, sural nerve territory of the paw. The types of sensory sprouting may be time, injury, and growth factor dependent.
Mechanism of sensory and sympathetic sprouting in the periphery
NGF and its high-affinity tyrosine kinase A (trkA) receptor may play the main roles in signalling the migration of sympathetic fibers as well as sprouting of sensory fibers into the upper dermis of the hind paw. Sensory and sympathetic fibers take up NGF and retrogradely transport it via a trkA receptor-controlled mechanism to the cell body (Anand, 2004) , where it plays a key role in the survival of these neurons (Levi-Montalcini, 1987) . NGF is not normally expressed in significant amounts in nonneuronal cells, but after nerve lesion there is a substantial increase in NGF mRNA in macrophages, fibroblasts, and Schwann cells, proximal to the lesion site in the nerve and along the distal segment (Ramer and Bisby, 1997) . The same is seen in other areas affected by the nerve trauma, such as the skin: NGF mRNA expression increases in the distal nerve pathways and nonnerve associated cells, such as cells in the basal epidermal layer after denervation (Mearow et al., 1993) . This NGF up-regulation is necessary for collateral sprouting of sensory neurons in the thoracic skin of the rat (Mearow and Kril, 1995) and collateral sprouting from neighboring intact axons of denervated rat skin (Mearow et al., 1993; Ro et al., 1998) .
Mice with an overexpression of NGF driven by a GFAP promoter show increased sympathetic sprouting in the DRG and enhanced ipsilateral responses to thermal and mechanical stimulation compared with wild-type mice (Ramer et al., 1998a) . Transgenic mice overexpressing NGF in the skin have sympathetic basket-like projections to sensory neurons similar to those previously seen in chronic models of pain (Davis et al., 1998) . Previous studies found up-regulation of the trkA receptor on peptidergic sensory fibers in the lower lip skin after CCI of the MN (Grelik et al., 2005) . It is possible that the sensory and sympathetic fibers have an increased response to NGF released from surrounding tissues because of this trkA up-regulation. Insofar as sensory fibers degenerate after nerve injury in the upper dermis of both the lip skin and the paw skin, they may be responding and migrating toward the increase in NGF expression (Ruocco et al., 2000) . In this sense, NGF would be acting as a chemoattractant signal, triggering the sprouting (Grelik et al., 2005) . Other factors have been shown to be involved in sympathetic sprouting; chemokines such as leukemia inhibitory factor (LIF) and interleukin-6 have been shown to influence sympathetic sprouting after nerve injury (Bolin et al., 1995; Kurek et al., 1996; Thompson and Majithia, 1998; Ramer et al., 1998b) .
CONCLUSIONS
Our results show an increase in sympathetic fibers and an initial decrease, followed by hyperinnervation of peptidergic sensory fibers after CCI in the rat hind paw skin. The sprouting of sympathetic fibers supports the evidence of sympathetic sprouting found in previous studies of neuropathic nerve injury in both DRG and other peripheral sites. We document for the first time sprouting of sympathetic fibers in the glabrous skin of the hind paw after nerve lesion. This sprouting may play a role in SMP, in that application of adrenergic agonists to this site has been previously shown to elicit pain. We also show a delayed increase in the density of peptidergic sensory innervation in the upper dermis, the same area where the sympathetic sprouting occurred. Overall, our study supports a possible involvement of sympathetic sprouting in the hind paw skin after nerve injury in SMP through a peripheral mechanism.
